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Summary of LHC results from LHCP2015 
(and outlook) 

■  Our old-time friend: the Standard Model 
◆  The Higgs; EWK model, and its obese member at the 

top 
◆  Heavy Flavors: living for ~10–12 s 
◆  QCD with nearly-free partons. 

■  Our resilient adversary: the Standard Model 
◆  No SUSY (yet) 
◆  No light from Dark Matter (yet) 
◆  No new resonances (yet), etc… 

■  What next 

Paris Sphicas 
CERN & University of Athens 
Wine and Cheese Seminar 

Fermilab,Oct 2, 2015 



This talk was originally given as 
“Experimental Summary” at LHCP2015  

 
Thankfully, no-one really expected a real 

summary… 
 

→ not a summary;  
instead, very tight cuts have been applied 

→ experiment highlights, 
some summaries, some observations, 

some opinions,  
some calls for help 
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The BEH scalar (aka “Higgs boson”) 
■  Sqrt(2) = 1.41.  Useful when dividing errors. 

Oct 2, 2015 
Wine and Cheese Seminar, FNAL 3 

First ATLAS + CMS combined publication 

Sep&1,&2015& Marco&Pieri&UC&San&Diego& 5&

1D2scan&

MH&=&125.09&±&0.24&GeV&
&&&&&&&=&±&0.21&(stat.)&±&0.11(syst.)&GeV&

First ATLAS + CMS combined publication 

Sep&1,&2015& Marco&Pieri&UC&San&Diego& 5&

1D2scan&

MH&=&125.09&±&0.24&GeV&
&&&&&&&=&±&0.21&(stat.)&±&0.11(syst.)&GeV&

&Mass&is&measured&with&high&precision&channels&γγ&and&ZZ!4l&

Measurement in the individual channels 

Sep&1,&2015& Marco&Pieri&UC&San&Diego& 6&

Some&tension&between&the&four&measurements&(pNvalue&~10%)&and&
opposite&in&ATLAS&and&CMS&N&very&good&agreement&in&the&central&values&

90’s, 00’s, 10,11: talks started with “… we 
know everything … except its mass…” 

δmH/mH=0.2% 
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A scalar, beyond “reasonable” doubts 
■  γγ, WW, ZZ modes  
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Alternatives tested: 0±, 1± and 2±; 
Excluded at >99% CL 
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Couplings: the combination… 
■  Sqrt(2) = 1.41. (Constant) 
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ATLAS and CMS individual combinations 

Sep&1,&2015& Marco&Pieri&UC&San&Diego& 3&

Mass:&Phys.&Rev.&Le+.&114,&191803&
Couplings:&arXiv:1507.04548&

Mass&and&couplings:&
Eur.&Phys.&J.&C&75&(2015)&212&

ATLAS2 CMS2

All&results&are&based&on&the&LHC&pp&collision&Run&1&data:&&
~5&UN1&at&7&TeV&(2011)&+&~20&UN1&at&8&TeV&(2012)&per&experiment&

Signal strength µ: production, decay 

•  Signal&strengths&in&different&channels&are&consistent&with&1&
(SM)&

•  Largest&difference&in&nH:&2.3σ&excess&with&respect&to&SM&
Sep&1,&2015& Marco&Pieri&UC&San&Diego& 17&

SM2BRs2assumed22 SM2producAon2σ2assumed2

SM2pCvalue2
25%2

SM2pCvalue2
60%2

Global2μ&

Significance in the different channels 
•  Comparing&likelihood&of&the&bestNfit&with&μprod=0&and&μdecay=0&&

we&obtain:&

&

2
2
•  Combina=on&largely&increases&the&sensi=vity&

2VBF&and&H!ττ&now&established&at&over&5&σ.&Same&as&ggF&and
&H!ZZ,&γγ,&WW&from&single&experiments&

Sep&1,&2015& Marco&Pieri&UC&San&Diego& 18&

2
ProducAon2process2

Observed2
Significance(σ)&

Expected2
Significance2(σ)&

VBF2 5.42 4.72
WH! 2.42 2.72
ZH! 2.32 2.92
VH! 3.52 4.22
nH! 4.42 2.02
Decay&channel&
H!ττ! 5.52 5.02
H!bb! 2.62 3.72

Conclusions 
•  ATLAS2and2CMS2Higgs2boson2results2on2the2mass2and2the2couplings2

have2been2combined2C2sensiAvity2improved2by2almost2√22

•  The&mass&of&the&Higgs&boson&has&been&measured&at&0.2%:&

&

•  Higgs2to2ττ2and2VBF2producAon2established2at2more2that25σ2level2

•  The&most&precise&results&on&Higgs&produc=on&and&decay&and&

constraints&on&its&couplings&have&been&obtained&(O(10%)&precision)&

&

&

•  Different&parameteriza=ons&have&been&studied&and&all&results&all&

consistent&with&the&SM&predic=ons&within&uncertain=es:&

min.&SM&pNvalue&of&all&combined&fits&>10%&

•  LHC&RunN2&at&13&TeV,&precision&will&be&improved&during&the&coming&

years&thanks&to&higher&energy,&larger&integrated&luminosity&and&

progress&in&the&theory&predic=ons&

Sep&1,&2015& Marco&Pieri&UC&San&Diego& 32&

M
H
&=&125.09&±&0.24&GeV&

μ&=&1.09&
+0.11&

N0.10&&

“Different parameterizations have 
been studied and all results are 
consistent the SM predictions…” 
M. Pieri 

→ The SM Higgs boson 

Bonus: definitive observation of VBF, ττ
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The Standard Model Higgs boson… 
■  It “dances” like a Higgs (boringly, 

no turns, looks the same in a 
mirror), it mingles like a Higgs 
(couples to mass, and in the right 
proportion as in the SM…) 
◆  It is “the SM Higgs boson”.   

■  Perhaps there is additional 
behavior; or there are departures in 
behavior – e.g. it is a Dark Matter 
portal; or it violates flavor (by a 
little), or … 
◆  But those would now go under 

“changes to the SM” not under the 
label “not the SM Higgs boson”… 

●  e.g. like the top quark. 

Oct 2, 2015 
Wine and Cheese Seminar, FNAL 

6 

  

Flavor Physics                                           
                                     

14/15                                                                                                                                                              S.Gori

2. The Higgs can mediate
    new flavor violation

    e.g. h → μτ 

 - CMS, 1502.07400

Tantalizing hints from ATLAS and CMS?

If this is true, how to reconcile it with 
low energy measurements? e.g. τ → μγ

  

 - ATLAS, 1508.03372

Promising approach: second source of EWSB responsible for 1st and 2nd generation masses
Altmannshofer, SG, Kagan, Zupan, Silvestrini, 1507.07927

1. SM flavor puzzle: - Are there 3 generations? If yes, why?
                                    - Why so large hierarchies between quark 
                                        (and lepton) masses and mixing angles?

2. NP flavor puzzle: If NP is present at around the TeV scale,
                                    how can the theory be consistent 
                                    with low energy measurements? 
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And no extras (in the scalar sector) 
■  Compositeness, extra singlet, 2HDM, LFV, searches for 

heavy H… No signs thus far 

Oct 2, 2015 
Wine and Cheese Seminar, FNAL 7 

A/H→ττ H→τν



Our old-time friend: 
the Standard Model 

 
 

Famous friend: EWK theory.  
With its obese member at the top. 
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EWK physics 
■  Understatement #1: beautiful EWK/QCD measurements 

 
■  Understatement #2: great  

          theoretical  
          strides; 
          still, we  
          want/need 
          more: 

Oct 2, 2015 
Wine and Cheese Seminar, FNAL 9 

Precision in Drell–Yan
Introduction 1

Drell-Yan processes:

• “Neutral current”:

q̄a(pa) + qb(pb) ! `+(k1) + `�(k2) + X

• “Charged current”:

q̄a(pa) + qb(pb) ! `(k1) + ⌫`(k2) + X

p

p

qb

q̄a

V

`1

¯̀
2

Phenomenological relevance:

• important “standard candles” (Luminosity, PDFs)

• new-physics searches at high pT (Z’)

• precision electroweak physics (MW , sin ✓W )

Theoretical laboratory:

• QCD factorization

• early applications of NLO, NNLO

• development of resummation methods

C. Schwinn DY theory status SM@LHC 2015

[Anastasiou et al. ’04]High-precision EW measurements

MW , sin2
(✓W )

requires NNLO+NNLL QCD + NLO EW ! talks by Ferrera/Forte

NLO+PS still widely used

NNLO+PS matching: MINLO [Karlberg et al. ’14], UN2LOPS [Höche et al. ’14],
GENEVA [Alioli et al. ’15]

) state-of-the art NNLO precision

) LL resummation of multiple QCD emissions (regime of small pT,V )

) realistic description at particle level (hadronisation, UE,. . . )

5 / 34

Measured dσ(Ζ(µ,µ))/dY/dPT compared to       
(N)LO+PS 
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Modest shape agreement with standard CMS 8 TeV 
“workhorse” generators 

DYRes results: qT spectrum of Z boson at the LHC

NLL+NLO and NNLL+NNLO bands for Z/γ∗ qT spectrum compared with CMS
(left) and ATLAS (right) data.
Lower panel: ratio with respect to the NNLL+NNLO central value.

Program performances: for high statistic runs (i.e. few per mille accuracy on cross
sections) on a single CPU: ∼ 1day at full NLL, ∼ 3days at full NNLL.

Giancarlo Ferrera – Università & INFN Milano LHCP15 – St. Petersburg – 31/8/2015
DYRes: Vector boson production at the LHC: qT resummation and leptonic decay 9/14

e.g. DYRes 
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WW: new physics? Nope. 
■  Started with a 2σ discrepancy in WW cross section 

Oct 2, 2015 
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CMS: full 8 TeV dataset+improvements 
– H WW → included in bkg. (8%) 
– NNLO calculations (7% higher) 
– WW PT resummation reweighting 
– Madgraph (LO) → Powheg (NLO) 
Measurement with 0-jet, 1-jet, 
same flavor, opposite–flavor events 

Was seen in ATLAS.and.CMS  
→ quite a bit of excitement… 
 
Significant amount of literature 
(and some litterature) on New 
Physics scenarios. 
Some words of caution on 
(N)NLO, jet vetoes, etc. 
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Dibosons 
■  Some very nice measurements 

Oct 2, 2015 
Wine and Cheese Seminar, FNAL 11 

WW 

Δφ(ll) 

And NLO won’t do any more 

LHCP 2015,  2/9/2015 Andrea Bocci (Duke University) 12

4l di0erential measurement
● m(4l) unfolded measurement

– NNLO normalization AND shape for m4l 
> 2 mZ

● Slight excess for off-shell ZZ*region

● PT(4l) unfolded measurement
– @NLO for the qq production

● Low PT modeling affected by gluon 
resummation

m
4l
 > 2 m

Z High Pt(4l):

Sensitive to gg  H →

and aTGC

Compatible with H ZZ  4l → →

measurement μ=1.44

Low Pt(4l): 

Sensitive to QCD 

resummation 

ATLAS-CONF-2015-031

ATLASATLAS
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But the real interesting one is… 
■  EWK production of WW; VBS scattering 

◆  Recall: one of the “raison d’etre” for the Higgs 

Oct 2, 2015 
Wine and Cheese Seminar, FNAL 12 

ATLAS 3.6σ (exp: 2.8σ) 
CMS 1.9σ (exp: 2.9σ) 
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Perturbative QCD & Jet physics: 
flourishing… 

Oct 2, 2015 
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INCLUSIVE JET 
PRODUCTION

Inclusive jet 
production at 13 TeV 

Excellent agreement 
over full range

7ATLAS-CONF-2015-034
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 (2.76 TeV)-1                               5.43 pbCMS Preliminary

CROSS SECTION RATIOS

The ratio of 2.76 TeV 
to 8 TeV is a powerful 
test as many 
systematic 
uncertainties cancel

9CMS PAS SMP-14-017 

STRONG COUPLING 
CONSTANT

Measurement dominated 
by theory uncertainties 

Need NNLO calculations to 
improve precision of αs at 
hadron colliders

21arXiv:1508.01579 [hep-ex]

STRONG COUPLING 
CONSTANT

αs, a fundamental parameter of QCD 
Extensive measurements up to the TeV scale

19Q (GeV)10 210 310

(Q
)

S
α

0.06

0.08
0.1

0.12
0.14
0.16
0.18
0.2

0.22
0.24    +0.0063

-0.0042
) = 0.1185

Z
(MSαCMS incl. jets :  

  32CMS R
 cross section  tCMS t

CMS inclusive jets  
CMS 3-Jet mass  

D0 inclusive jets  
D0 angular correlation  
H1  
ZEUS  

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined

ENERGY-ENERGY 
CORRELATIONS

In the style of measurements 
done at e+e- colliders, determine 
αs using jet-based transverse 
energy-energy correlations

20arXiv:1508.01579 [hep-ex]

For all jet pairs…

Estimate jet ET/total ET

STRONG COUPLING 
CONSTANT

Measurement dominated 
by theory uncertainties 

Need NNLO calculations to 
improve precision of αs at 
hadron colliders

21arXiv:1508.01579 [hep-ex]

13 TeV 

Inclusive jets 
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Early 13 TeV W/Z measurements 

Oct 2, 2015 
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31 August, LHCP 2015
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Figure 7: Combined Z ! `+`� plus � N jets fiducial cross sections (left), and cross section ratios for successive
jet multiplicities (right). Results are reported at the Born level and compared to predictions from S����� and
M��G����. The hatched error band corresponds to the total uncertainty of the results: systematic, statistical, and
luminosity uncertainties for the fiducial cross section results (left), systematic and statistic uncertainties for the ratio
results (right).

with an accuracy ranging from approximately 10% to aproximately 20%. Ratios of cross sections for274

successive jet multiplicities have been also derived.275

The measured fiducial cross sections for the various jet multiplicities and the ratios of successive jet276

multiplicities have also been compared to accuracy from S����� and from M��G����. The predictions277

based on NLO and NNLO QCD calculations show reasonable agreement with the observed cross sections278

and cross section ratios within the uncertainties.279
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Figure 3: Transverse momentum of the highest-pT jet in each event in the Z ! e

+
e

� + jets selection (left) and
the Z ! µ+µ� + jets selection (right). Systematic uncertainties for the signal and background distributions are
combined in the shaded band, and the statistical uncertainty is shown on the data points. Luminosity and theoretical
uncertainties are not included.
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selection (right). Systematic uncertainties for the signal and background distributions are combined in the shaded
band, and the statistical uncertainty is shown on the data points. Luminosity and theoretical uncertainties are not
included.
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• Inclusive Z event selection

• Particle-level fiducial cross-sections


▪ Jet pT > 30 GeV, |y| < 2.5


• Backgrounds from top, diboson

• Syst. dominated by Lumi, Jets  

Z+jets
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Figure 1: Dilepton invariant mass for Z + � 1 jet events in the Z ! ee (left) and Z ! µµ (right) channels.
Systematic uncertainties for the signal and background distributions are combined in the shaded band, and the
statistical uncertainty is shown on the data points. Luminosity and theoretical uncertainties are not included.
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Figure 2: Inclusive jet multilplicity in the Z ! e

+
e

� + jets selection (left) and the Z ! µ+µ� + jets selection
(right). Systematic uncertainties for the signal and background distributions are combined in the shaded band, and
the statistical uncertainty is shown on the data points. Luminosity and theoretical uncertainties are not included.
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15

ATLAS-CONF-2015-041

31 August, LHCP 2015

W/Z Cross-Section

14

Fiducial cross-sections

Currently dominated by  
lumi uncertainty

ATLAS-CONF-2015-039

8.3 Cross-section ratio measurement

Ratios of the measured cross sections benefit from the cancellation of some experimental uncertainties.
The ratios of W+ to W� (RW+/W�) and W± to Z (RW±/Z ) boson production were measured by the ATLAS
and CMS collaboration in the past [15, 47, 48] and proved to be powerful tools to constrain PDF uncer-
tainties. The ratio of W+ to W� boson cross sections is mostly sensitive to the di↵erence of uv and dv

valence-quark distributions at low Bjorken-x while the ratio of W± to Z boson cross sections constrains
the strange-quark distribution. Studies from Ref. [54] show that starting from a precision of about 2%,
the measurements at

p
s = 13 TeV begin to have significant constraining power to PDFs, compared to

PDF sets such as CT10 and the recent MMHT14 and NNPDF3.0.

The systematic uncertainties of the cross-section measurements are largely uncorrelated between the
electron and muon channels, apart from the common luminosity uncertainty. On the other hand there
is a strong correlation between W+ and W� boson measurements. There is also significant correlation
between the W± and Z boson results for the same flavour measurement.

The results for the ratios of fiducial cross sections for W+ to W� boson production and for W± to Z boson
production are given in Table 14. The ratios obtained in the electron and muon channels agree well with
each other, and the ratio of the combined results has a reduced uncertainty. The ratios of the combined
results are compared to theory predictions in Figures 22 and 23. For the ratio RW+/W� = �fid

W+/�
fid
W� ,

there is a significant scatter for di↵erent PDF predictions and the accuracy of the experimental result
is comparable to the spread among them. The data favours results from the PDFs which include LHC
measurements from Run 1 (ABM12, NNPDF3.0 and MMHT14). For the ratio RW /Z = �fid

W±/�fid
Z , the

predictions agree within quoted uncertainties and the measurement is consistent with all of them.

-W
fidσ / +W

fidσ
1.15 1.2 1.25 1.3 1.35

ATLAS Preliminary
-113 TeV, 85 pb

total uncertainty
stat. uncertainty

ABM12LHC
CT10nnlo
NNPDF3.0
MMHT14nnlo68CL

-W
fidσ / +W

fidσ = -/W+WR

Figure 22: Ratio of W+ to W�-boson production combined fiducial cross sections (red line) compared to predictions
based on di↵erent PDF sets. The inner shaded band corresponds to the statistical uncertainty while the outer
band shows statistical and systematic uncertainties added in quadrature. The theory predictions are given with the
corresponding PDF uncertainties shown as error bars. Scale uncertainties are not included in the error bars of the
predictions.
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W+/W- Fiducial Ratio (2.5% accuracy)

Was 1.54 at 8 TeV, reduced 

valence quark asymmetry at 13 TeV

So nice to 
see these… 
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Some tension 
with  

LHC value 

E.Shabalina -- LHCP 2015 - St. Petersburg02/09/2015

Mass measurements

22

Uses 1st and 2nd best reconstructed mass by χ2 fit  
Measure JES through dijet mass 
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l+jets channel

mt = 172.85 ± 0.71(stat + JES) ± 0.85(syst)

mt = 174.34 ± 0.64(total)

Tevatron mass combination 

Phys. Rev. Lett. 109, 
152003 (2012)

�mt/mt = 0.64%
�mt/mt = 0.37%GeV

GeV

Tevatron legacy 
■  Tevatron: twenty (…!) years of top physics 

Oct 2, 2015 
Wine and Cheese Seminar, FNAL 16 E.Shabalina -- LHCP 2015 - St. Petersburg 

Top mass history

14

First measurements from the 
top discovery papers

199+19
�21(stat)± 22(syst)

176± 8(stat)± 10(syst)

Breakthrough ideas: 
‣ matrix element method
‣ in-situ JES calibration using hadronic W decay
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Tevatron

Many techniques, analysis methods, 
observations, born there… including: 
Matrix Element method; JES from W; 
not to mention bold usage of BDT for 
single t… And, of course, that b tag! 

E.Shabalina - LHCP 2015 - St. Petersburg  02/09/2015

ME in l+jets

~2800 events with 4j and ≥1 b-tag
‣ 67% purity of top pairs
Data split into 4 run periods to 
accurately account for changes in 
detector response 
ME includes gg→tt and qq→tt as well 
as spin correlations
10 dimensional integration 
‣ low discrepancy sequences
In-situ JES calibration 
kJES is factorised from ME calculation
Reduction of computing time by 
o(100)
‣ Larger calibration samples
‣ Smaller statistical component of 

systematics

17

__

Phys. Rev. D 191, 112003 (2015)

E.Shabalina -- LHCP 2015 - St.Petersburg02/09/2015

Conclusions 

52

The Tevatron experiments are completing legacy 
measurements
‣ Precise cross section measurements
‣ Precise measurements of the top quark mass
‣ Final measurements of asymmetries in quark pair 

production
Electroweak top production measurements are 
complete 
‣ Combination of t-channel cross sections
‣ Observation of the s-channel production
Many measurements are complementary to the 
ones from LHC 

No significant deviations from the standard model are found
Our hopes are on LHC!
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ttb(b) cross section 8 TeV 

QCD

● Based on the b-tag 

discriminator of the 3rd and 

4th jets
● Ratio σ

ttbb
/σ

ttjj 
measured, too

● Investigating NLO QCD
● Background to ttH, ttZ, …

1

1 
CMS earlier measurement: Phys. Lett.B746(2015)132

ATLAS-CONF-2015-247

ℓℓ + 4j + 2 b
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ℓℓ + 4j + 2 b
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The p
T
 of the top quark

Softer spectrum in data than simulation

Fiducial, Particle level Full phase space, Parton level

(onto ttH) 

Need 
some 
NnLO 
effort 
here… 

4.2 Event selection 5

of data to simulation is presented to better indicate the level of agreement between data and
the default tt signal (MADGRAPH+PYTHIA6) and background samples used in the analysis. For
both channels, however, data tend to have lower pT values than predicted by the simulation.
It has been verified that the results presented in Section 6 are not affected by these remaining
differences between data and simulation. A better data-to-simulation agreement in the lepton
and jet pT distributions is obtained by scaling the top quark pT spectrum in simulation to match
the data. However, the impact on the measurement of the cross sections is negligible.
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Figure 1: Kinematic distributions after event selection and before the kinematic reconstruction
of the tt system in the `+jets channels: the multiplicity in the reconstructed number of b-tagged
jets (top left), the multiplicity in the reconstructed number of jets (top right), the pT of the
selected isolated leptons (bottom left), and the pT of all reconstructed jets (bottom right). The
QCD multijet background is negligible and not shown. The hatched regions correspond to the
shape uncertainties for the signal and backgrounds (cf. Section 5). The lower part of each plot
shows the ratio of data to the predictions.

Differential 

9/2/15 T. Han 

Spin Correlations, Asymmetries 
in Top Production 

3

Process Yield
tt̄ 54000 + 3400

� 3600

Z/�⇤+jets 2800± 300
tV (single top) 2600± 180

tt̄V 80± 11
WW , WZ , ZZ 180± 65

Fake leptons 780± 780
Total non-tt̄ 6400± 860

Expected 60000 + 3500
� 3700

Observed 60424

t̃1
¯̃t1 7100± 1100

(m
t̃1
= 180 GeV, m

�̃

0
1
= 1 GeV)

TABLE I. Observed dilepton yield in data and the expected
SUSY and tt̄ signals and background contributions. Systematic
uncertainties due to theoretical cross sections and systematic un-
certainties evaluated for data-driven backgrounds are included in
the uncertainties.

likelihood fit is used to extract the spin correlation from
the �� distribution in data. This is done by defining a
coefficient fSM that measures the degree of spin correla-
tion relative to the SM prediction. The fit includes a linear
superposition of the �� distribution from SM tt̄ MC sim-
ulation with coefficient fSM, and from the tt̄ simulation
without spin correlation with coefficient (1 � fSM). The
e+e�, µ+µ� and e±µ⌥ channels are fitted simultaneously
with a common value of fSM, leaving the tt̄ normaliza-
tion free with a fixed background normalization. The tt̄
normalization obtained by the fit agrees with the theoret-
ical prediction of the production cross section [71] within
the uncertainties. Negative values of fSM correspond to an
anti-correlation of the top and antitop quark spins. A value
of fSM = 0 implies that the spins are uncorrelated and val-
ues of fSM > 1 indicate a degree of tt̄ spin correlation
larger than predicted by the SM.

Systematic uncertainties are evaluated by applying the fit
procedure to pseudo-experiments created from simulated
samples modified to reflect the systematic variations. The
fit of fSM is repeated to determine the effect of each sys-
tematic uncertainty using the nominal templates. The dif-
ference between the means of Gaussian fits to the results
from many pseudo-experiments using nominal and modi-
fied pseudo-data is taken as the systematic uncertainty on
fSM [102].

The various systematic uncertainties are estimated in the
same way as in Ref. [42] with the following exceptions:
since this analysis employs b-tagging, the associated un-
certainty is estimated by varying the relative normaliza-
tions of simulated b-jet, c-jet and light-jet samples. The
uncertainty due the choice of generator is determined by
comparing the default to an alternative tt̄ sample generated
with the POWHEG-BOX generator interfaced with PYTHIA.
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FIG. 1. Reconstructed �� distribution for the sum of the
three dilepton channels. The prediction for background (blue
histogram) plus SM tt̄ production (solid black histogram) and
background plus tt̄ prediction with no spin correlation (dashed
black histogram) is compared to the data and to the result of
the fit to the data (red dashed histogram) with the orange band
representing the total systematic uncertainty on fSM. Both the
SM tt̄ and the no spin correlation tt̄ predictions are normalized
to the NNLO cross section including next-to-next-to-leading-
logarithm corrections [71, 72] (the theory uncertainty of 7% on
this cross section is not displayed). The prediction for t̃1¯̃t1 pro-
duction (m

t̃1
= 180 GeV and m

�̃

0
1

= 1 GeV) normalized to
the NLO cross section including next-to-leading-logarithm cor-
rections [101] plus SM tt̄ production plus background is also
shown (solid green histogram). The lower plot shows those dis-
tributions (except for background only) divided by the SM tt̄ plus
background prediction.

The uncertainty due to the parton shower and hadroniza-
tion model is determined by comparing two tt̄ samples
generated by ALPGEN, one interfaced with PYTHIA and
the other one interfaced with HERWIG. The uncertainty on
the amount of initial- and final-state radiation (ISR/FSR) in
the simulated tt̄ sample is assessed by comparing ALPGEN
events, showered with PYTHIA, with varied amounts of
ISR and FSR. As in Ref. [42], the size of the variation is
compatible with the recent measurements of additional jet
activity in tt̄ events [103]. The Wt normalization is var-
ied within the theoretical uncertainties of the cross-section
calculation [86], and the sensitivity to the interference be-
tween Wt production and tt̄ production at NLO is stud-
ied by comparing the predictions of POWHEG-BOX with
the diagram-removal (baseline) and diagram-subtraction
schemes [85, 104]. As in Ref. [42], the uncertainty due
to the top quark mass is evaluated but not included in the
systematic uncertainties, since it would have no significant

Top pair spin correlation via l+l- 
observed by D0, ATLAS, CMS. 
 
Good agreement with SM excludes the 
stop pair contribution in mt – 190 GeV 

ATLAS: arXiv:1412.4742 
CMS-PAS-TOP-13-001 
C. Gerber’s talk 

BUT: 

9/2/15 T. Han 
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Well-known searches and results: 
      m(stop) > 700-800 GeV,  
but m(stop) ~ mt+mχ difficult ! 

9/2/15 T. Han 

stop mass [GeV]
100 200 300 400 500 600 700 800

LS
P 

m
as

s 
[G

eV
]

0

100

200

300

400

500

600

700

W
 = 

m
1

0
χ∼

 - mt~m
t

 = 
m

1
0
χ∼

 - mt~m

ICHEP 2014
 = 8 TeVs

CMS Preliminary

1
0χ∼ / c 

1
0χ∼ t →t~ production,  t~-t~

-1SUS-13-011  1-lep (MVA) 19.5 fb
-1SUS-14-011  0-lep + 1-lep + 2-lep (Razor)  19.3 fb

-1SUS-14-011  0-lep (Razor) + 1-lep (MVA)  19.3 fb
 )

1
0

χ∼ c →t~ ( -1SUS-13-009  (monojet stop)  19.7 fb
-1SUS-13-015  (hadronic stop)  19.4 fb

Observed

Expected

t
 = 

m
1

0
χ∼

 - mt~m

Well-known searches and results: 
      m(stop) > 700-800 GeV,  
but m(stop) ~ mt+mχ difficult ! 



P. Sphicas 
Summary of LHC results from LHCP2015 

ttV production 

Oct 2, 2015 
Wine and Cheese Seminar, FNAL 18 

22F. Déliot, LHCP 2015, 2-SEP-15

ATLAS-CONF-2015-032
ATLAS t t̅W and t t̅Z results

first observation of t t̅W 
cross section consistent with the SM

24F. Déliot, LHCP 2015, 2-SEP-15

CMS-PAS-TOP-13-015

CMS t t̅W and t t̅Z results

first observation of t t̅Z 
cross section consistent with the SM

t t̅W

t t̅Z

• New physics interpretation 
- effective field theory approach 
- 5 selected dim-6 operators

Proc/
Exp 

ATLAS 
obs (exp) 

CMS    
obs (exp) 

ttW 5.0 (3.2) 4.8 (3.5) 
ttZ 4.2 (4.5) 6.4 (5.7) 

ATLAS t t̅ γ result

25

• Analysis strategy 
- lepton+jets channel with at least 1 b-tagged jet, ET(γ) > 20 GeV 
- profile likelihood fit to the photon track-isolation distribution 
- background template from multijet events with inverted photon shower shape 
- measurement within the fiducial phase space

F. Déliot, LHCP 2015, 2-SEP-15

PRD91, 072007 (2015)

first observation of t t̅γ (5.3σ) 
SM: 48±10 fb

140 (e) and 222 (µ) events observed 
52±14 and 100±28 determined to be t t̅γ

ttγ 

ATLAS t t̅ γ result

25

• Analysis strategy 
- lepton+jets channel with at least 1 b-tagged jet, ET(γ) > 20 GeV 
- profile likelihood fit to the photon track-isolation distribution 
- background template from multijet events with inverted photon shower shape 
- measurement within the fiducial phase space

F. Déliot, LHCP 2015, 2-SEP-15
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ATLAS t t̅ γ result

25

• Analysis strategy 
- lepton+jets channel with at least 1 b-tagged jet, ET(γ) > 20 GeV 
- profile likelihood fit to the photon track-isolation distribution 
- background template from multijet events with inverted photon shower shape 
- measurement within the fiducial phase space

F. Déliot, LHCP 2015, 2-SEP-15

PRD91, 072007 (2015)

first observation of t t̅γ (5.3σ) 
SM: 48±10 fb

140 (e) and 222 (µ) events observed 
52±14 and 100±28 determined to be t t̅γ

5.3 σ 

+ several searches 
for FCNC: 
t→qZ  (<7x10–4) 
t→qH (<0.42–0.47) 
t→qg (4–7x10–7) 

Important bkgs 
in several NP 
searches 
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■  Highlight: inclusive AND differential cross sections 
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●  Top quark properties and jet multiplicity
● All lepton flavors 

Differential cross section  ℓℓ 13 TeV

T
O

P
-1

5
-0

1
0
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Differential cross section  ℓ+jets 13 TeV
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Select events with 
high probability

p
T
(top)

TOP-15-005
W

b

b

ℓ
ν

j

j
2D probability of 
mjj vs. mjjb

Hm… 
18

Top Cross-Section
ATLAS-CONF-2015-033

σtt (13 TeV) = 825 ± 49 (stat) ± 60 (syst) ± 83 (lumi) pb
31 August, LHCP 2015

• Dilepton selection

▪ Isolated e & µ, pT > 25 GeV

▪ One or 2 b-jets


• Extract b-tag yield 
and cross-section simultaneously


• Syst. dominated by Luminosity

Top Cross-Section

17

Top cross section: dilepton channel 

•  Event selection  
–  Isolated e and µ with pT>25 GeV 
–  One or two b-jets 

•  N1: 1 b-jet 
•  N2: 2 bjets 

•  Solve equations for cross section 
and fraction of b-jets found (εb) 

•  Largest uncertainties: 
–  Luminosity (10%) 
–  Theor. Modeling (5%) 

45"

ATLAS=CONF=2015=033#

Data:"εb=52.7±2.6(stat.)±0.6"(syst.)%"
MC:"εb="54.3%"

ϵb = 52.7 ± 2.6 (stat) ± 0.6 (syst) %

MC expectation: 54.3 %

ATLAS-CONF-2015-033

σ≈0.8nb 
Rate(1.2x1034): 
  1Hz (t factory) J 
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Putting it all together: SM reigns supreme 
■  Goodness of fit 

◆  χ2
min=17.8      

→ Prob= 21% 
■  Fit result often more 

accurate than 
measurement 
◆  Small pulls for MH, 

MZ, Δαhad
(5)(MZ

2), mc, 
mb → input 
accuracies exceed fit 
requirements 

■  Knowledge of MH → 
huge improvement in:  
◆  MW (28→11 MeV) 
◆  mt (6.2→2.5 GeV) 
◆  sin2θW (2.3→1.0x10–3) 

Oct 2, 2015 
Wine and Cheese Seminar, FNAL 20 

2 Update of the global electroweak fit 7
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Figure 1: Left: Comparison of the fit results with the direct measurements in units of the experimental
uncertainty. The fit results are compared between the scenario using the two-loop calculations of the Z
partial widths with the four-loop O(↵t↵

3
s) correction to MW (colour, top bars), and the one-loop calculation

used in a previous publication [4] (shaded gray, bottom bars). Right: Comparison of the fit results with the
indirect determination in units of the total uncertainty, defined as the uncertainty of the direct measurement
and that of the indirect determination added in quadrature. The indirect determination of an observable
corresponds to a fit without using the corresponding direct constraint from the measurement.

Light blue: fit 
excluding input 
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on behalf of the Gfitter group (*) 

(*) M. Baak, J. Cuth, J. Haller, A. Höcker, R. Kogler, K. Mönig, M. Schott, J. Stelzer 

The global electroweak fit at NNLO 
Prospects for LHC and ILC 

http://cern.ch/Gfitter 

1 

arXiv:1407.3792 (subm. to EPJC) 

Physics at the LHC and Beyond, Quy-Nhon  
Tuesday August 12th, 2014 
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Future? MW! 

Oct 2, 2015 
Wine and Cheese Seminar, FNAL 21 

Max Baak (CERN) 
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Indirect determination of W mass 

"  Scan of Δχ2 profile versus MW 
•  Also shown: SM fit with  

minimal inputs:  
MZ, GF, Δαhad

(5)(MZ), αs(MZ),  
MH, and fermion masses 

•  Good consistency between 
total fit and SM w/ minimal inputs 

"  MH measurement allows for  
precise constraint on MW 

•  Agreement at 1.4σ 
"  Fit result for indirect determination of MW (full fit w/o MW): 
 

"  More precise estimate of MW than the direct measurements!  
•  Uncertainty on world average measurement: 15 MeV 

15 The electroweak fit at NNLO – Status and Prospects 

Obtained with  
simple error 
propagation 

Max Baak (CERN) 

State of the SM: W versus top mass 

"  Scan of MW vs mt, with the direct measurements excluded from the fit. 
"  Results from Higgs measurement significantly reduces allowed indirect 

parameter space → corners the SM! 
 

"  Observed agreement demonstrates impressive consistency of the SM! 

17 The electroweak fit at NNLO – Status and Prospects 
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Max Baak (CERN) 

Indirect determination of top mass 

"  Shown: scan of Δχ2 profile versus mt (without mt measurement) 
•  MH measurement allows for significant better constraint of mt 
•  Indirect determination consistent with direct measurements 

-  Remember: fully obtained from radiative corrections! 
"  Indirect result: mt = 177.0+2.3

-2.4 GeV 

37 

Tevatron+LHC: 173.34 ± 0.76 GeV 
new D0: 174.98 ± 0.76 GeV 

The electroweak fit at NNLO – Status and Prospects 
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Mt = 177.0+2.3–2.4 GeVMW = 80.358±0.008 GeV
90% of MW information is in transverse mass 

Tevatron 
Run II: 
halved 
δMW 

Calls for exptl 
measurement… δ(exp) < δ(theory) 

At LHC (unlike TeV) significant contribution from “cs” production. 
 
Affects: 
- acceptance via rapidity and kinematic cuts 
- contribution to pT(W) (mC mass)  
 

          Constraints from W and Z data 
          will reduce uncertainty of course 
           
          
        Unique forward acceptance of 

LHCb can potentially allow for 
significant reduction for ATLAS 
and CMS through anti-correlation 

arXiv:1508.06954v1 

PDFs 

To constrain PDFs: 
y(Z); AFB(W), AFB(Z) 
(both at TeV/LHC) 



Our old-time friend:  
the Standard Model  

 
 

Heavy Flavors:  
living a rich life in ~10–12 s 



P. Sphicas 
Summary of LHC results from LHCP2015 

Weak decays and the CKM 
■  Huge program of work → CKM “picture” established 

Oct 2, 2015 
Wine and Cheese Seminar, FNAL 23 

2. CKM matrix 9/31

The B0 unitarity triangle

I CKM picture now well verified - any discrepancies could be of great importance

1995

2004

2015

γ

γ

α

α

dm∆
Kε

Kε

sm∆ & dm∆

ubV

βsin 2

(excl. at CL > 0.95)
 < 0βsol. w/ cos 2

excluded at CL > 0.95

α

βγ

ρ
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

η
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-0.5

0.0

0.5

1.0

1.5
excluded area has CL > 0.95

EPS 15

CKM
f i t t e r

Matthew Kenzie (CERN) LHCP 2015 St. Petersburg B properties and CP violation

1995 2004 2015 

New 
measurements 
sin2β, mixing, 
γ… 

5. � 19/31

LHCb combination of angle � from trees

I Nominal result: � = (72.9+9.2
�9.9)

� - [arXiv:1411.4600]

I Uncertainty < 10� is better than combined B factories

I Run 1 modes soon to be included with 3 fb�1

I GLW/ADS B+ ! DK+, D ! hh and D ! h⇡⇡⇡
I GLW/ADS B+ ! DK+, D ! hh⇡0

I GLW/ADS B+ ! DK+⇡⇡, D ! hh
I GGSZ B ! DK⇤0

I B0 ! D0K⇡

I New LHCb combination expected later this year [LHCb-PUB-2015-010]

Result combining B ! DK decays

Table 3: Confidence intervals and central values for the robust combination.

quantity robust combination

� (�) 72.9

68% CL (�) [63.0, 82.1]

95% CL (�) [52.0, 90.5]

rDK
B 0.0914

68% CL [0.0826, 0.0997]

95% CL [0.0728, 0.1078]

�DK
B (�) 126.8

68% CL (�) [115.3, 136.7]

95% CL (�) [101.6, 145.2]
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Figure 2: 1 � CL curves for the robust combination.
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Result combining all B ! Dh decays
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Figure 4: 1 � CL curves for the full combination.
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B→DK 

3fb–1 update expected 

All is well: φS≈0 
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Things to watch 
■  Vub: 

Λb→pμν in 
line with 
B→πlν

Oct 2, 2015 
Wine and Cheese Seminar, FNAL 24 

6. Vub 23/31

|Vub|/|Vcb| using ⇤b ! pµ�⌫

I Find:
|Vub| = (3.27± 0.15± 0.17± 0.06)⇥ 10�3

[Nature Physics 3415 (2015)]

I Puzzle remains
I LHCb measures |Vub|/|Vcb| while B

factories measure individual

I Right handed currents no longer seem
to explain |Vub| discrepancy
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Matthew Kenzie (CERN) LHCP 2015 St. Petersburg B properties and CP violationVub: Given agreement with indirect determination (CKM triangle) and 
richness of D(*),(**) mass spectra, difficult to get too excited 

. . . some minor deviations from SM
▶ CP-violation: like-sign dimuon asymmetry by DØ at 3� [DØ1310.0447]

from SM “interpretation” [Borissov/Hoeneisen 1303.0175]

▶ tensions between exclusive and inclusive determinations of Vub and Vcb

▶ breaking of lepton flavour universality (LFU) at “tree” and “loop” level ?

tree) R(D(∗)) ≡ B[B → D(∗)⌧ ⌫̄⌧ ]
B[B → D(∗)`⌫̄`] (` = e, µ)

combination of Babar, Belle, LHCb at 3.9�

loop) RK ≡
B[B+ → K+µ̄µ]
B[B+ → K+ēe]

= 0.745+0.097−0.082

from RK �SM

≈ 1 at 2.6� [LHCb 3/fb 1406.6482]
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▶ b → s(�, ¯̀̀ ) global fits for ` = µ

with/without ` = e (i.e. RK )
(also known as “B → K∗µ̄µ anomaly” in angular observable P′5)

prefer non-SM value of eff. coupling

C9 = CSM
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Global fits and “anomalies”

Global fits of b → s + (�, ¯̀̀ ) prefer non-SM values

of C9 = CSM
9 +CNP

9 with CSM
9 ≈ +4 and CNP

9 ≈ −1

driven in part by▶ angular obs’s in B → K∗ ¯̀̀ at low q2▶ measured branching ratios B → K µ̄µ and
Bs → �µ̄µ smaller than SM at low q2

[Descotes-Genon et al. 1307.5683, Altmannshofer/Straub 1308.1501 +
1411.3161, Beaujean/CB/van Dyk 1310.2478, Mahmoudi et al.
1312.5267 + 1410.4545]

[LHCb 3/fb LHCb-CONF-015-002]
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largest deviation from SM of 3.7� in
P′5(B → K∗ ¯̀̀ ) in q2 ∈ [4, 6]&[6, 8] GeV2

[DHMV = Descotes-Genon et al. 1407.8526]

⇒ Q: underestimated hadronic effects mimic new physics (NP) in C9 ???

Non-LFU in B → K ¯̀̀ ?

R[q2
min, q2

max]
M ≡ ∫ q2

max
q2

min
dq2 d�[B → M µ̄µ]

dq2

∫ q2
max

q2
min

dq2 d�[B → M ēe]
dq2

for M = K , K∗, Xs

Recent measurement of

R[1,6]K = 0.745+0.090−0.074 ± 0.036 [LHCb 3/fb 1406.6482]

deviates by 2.6� from SM (@ LO in QED)

R[1,6]K ,SM = 1.0008 ± 0.0004 [Bouchard et al. 1306.0434]⇒ hadronic uncertainties cancel for LFU [Krüger/Hiller hep-ph/0310219, CB/Hiller/Piranishvili 0709.4174]
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Need/Expect rich set of 
measurements to probe 
these further: 
Angular/differ meas. of 
 
 no-rate ratios, search for  

QCD?  
Or not? 

New physics interpretation of anomalies . . .

b → sµ̄µ global fits RK R �D(∗)�
Proposed checks / future signals

▶ angular analysis of B → K∗µ̄µ with 3 fb−1

▶ measure RK∗,Xs,K0(1430),K1
and no-rate ratios like

. . . A
FB

(µ̄µ)�A
FB

(ēe) ratios of zero-crossings

▶ measure differential rates, angular observables and CP-aysmmetries in B → D(∗)⌧ ⌫̄⌧
▶ check RM1�RM2 = 1⇒ model discriminator

▶ search for LFV decays: Bq → ¯̀a`b, B → K (∗) ¯̀a`b

▶ in specific models additional non-b-physics pheno affected
for example links with h → ⌧µ, Z ′ → ēe vs. Z ′ → µ̄µ, `a → `b�, . . . many more

⇒ see original works for details
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Heavy-ion physics: flow phenomena  
BARD (the nearly ultimate liquid) 

Oct 2, 2015 
Wine and Cheese Seminar, FNAL 26 

Charles Gale

RECENT PROGRESS IN THE HYDRO AS A 
CHARACTERIZATION TOOL  
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Beyond spectra: Quantifying asymmetries

Anisotropies in coordinate space generate those in momentum space 
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(ε + P) ∂
!v
∂t

= −
!
∇P

∇P(⇔) >∇P(!)

Beyond spectra: Quantifying asymmetries

Anisotropies in coordinate space generate those in momentum space 

11 Wei Li (Rice) LHCP 2014 

! Mass ordering at low pT:  
    Smaller v2 for heavier  
    particles 
 

!  v2(baryon) > v2 (meson)  
    at higher pT 

ALICE PbPb 2.76 TeV 
 

10-20% centrality 

Flow with identified particles 

π!K!p!φ Λ Ξ Ω&

arXiv:1405.4632 

16 Wei Li (Rice) LHCP 2014 

Higher-order deformation of initial state 

Initial �QGP shape� includes higher multipole components"

ε2" ε3" ε4" ε5"+! +! +!=! +...!

cos2Δϕ" cos3Δϕ" cos4Δϕ" cos5Δϕ"

Multipole expansion 

51 Wei Li (Rice) LHCP 2014 

True collectivity in pPb? 

CMS!PAS!HINK14K006!

(event!mulAplicity)!

v2!

Direct evidence of strong collectivity in pPb! 

v2{2} > v2{4} ≈ v2{6} ≈ v2{8} ≈ v2{LYZ,∞} 
(event-by-event 
fluctuations) 

47 Wei Li (Rice) LHCP 2014 

True collectivity in pPb? 
 The key question: 
 

    Does the ridge involve only two particles or more?  

Or namely, is it a collective effect as hydro. describes? 

Multi-particle (>2) correlations: 

In hydrodynamics: 
v2{2} > v2{4} ≈ v2{6} ≈ v2{8} ≈ v2{∞} 

cos2(φ1 +φ2 −φ3 −φ4 ) ~ (v2 )
4

cos2(φ1 +φ2 +φ3 −φ4 −φ5 −φ6 ) ~ (v2 )
6

cos2(φ1 −φ2 ) ~ (v2 )
2

…
 

1 2 

z 

1 2 3 4 5 6 

6 

7 8 9 10 11 

z OR 

Hydrodynamics: 

Mass ordering: m↑→ v2↓
v2(baryons)>v2(mesons) at high pT 
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■  Hard probes in nucleus-
nucleus collisions:  
◆  produced at the very early 

stage of the collisions in 
partonic processes with 
large Q2  

◆  pQCD can be used to 
calculate initial cross 
sections  

◆  traverse the hot and dense 
medium  

◆  can be used to probe the 
properties of the medium  

Jet 

 
High  
momentum  
parton  

D 

c quark  

k π

b quark  

B 

e,µ D 
ν

Υ

µ- µ+

J/ψ

e- e+

G. Bruno 
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Colorless probes 
■  Basic tool: the nuclear modification factor  
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Z 

W 

W & Z bosons in Pb-Pb 
collisions scale like Ncoll 

RAA =
1
Ncoll

dNAA / dpT

dNpp / dpT

=
1
TAA

dNAA / dpT

dσ pp / dpT

~ QCD medium
QCD vacuum
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Figure 1: Dimuon invariant mass spectra. Full squares are opposite-sign dimuons, while the
empty circle shows a unique like-sign dimuon candidate. The histogram shows the correspon-
ding distribution measured in pp collisions at 7 TeV within 60–120 GeV/c2, scaled to the 39
PbPb candidates.

called tag-and-probe, similar to the one used for the corresponding pp measurement [6]. It
consists in counting the Z candidates with and without applying the probed selection on one
of the muons: 1) the stand-alone muon reconstruction efficiency is probed with tracker tracks;
2) the silicon tracker reconstruction efficiency is probed with stand-alone muons; 3) the trigger
efficiency is probed by testing the trigger response to global muons from a sample triggered by
a single-muon requirement. The latter is also checked with high-quality reconstructed muons
from MB events. In all cases, these data-driven efficiencies agree with those derived from
simulation within the statistical uncertainties.

The total systematic uncertainty on the Z yield is estimated to be 13% by summing in quadra-
ture the following contributions. The largest one is associated with the tracking efficiency and
taken as the 9.8% precision of the above-mentioned data-driven efficiency determination. Si-
milarly, the uncertainty associated with the dimuon trigger is 4.5%. The 4% maximum con-
tribution from unsubtracted background is taken as a systematic uncertainty. The uncertainty
associated with the selection criteria is considered to be equal to the 2.6% loss of events. The
MB trigger efficiency is known at the 3% level. The uncertainty coming from the acceptance
correction is estimated to be less than 3%, by varying the underlying generated kinematics (y,
pT) beyond reasonable modifications. Other systematic uncertainties are estimated to sum to
less than 1.5%.

The yield of Z ! µ+µ� decays per MB event is defined as dN/dy(|y| < 2.0) = NZ/(a#NMBDy),
where NZ = 39 is the number of dimuons counted in the mass window of 60–120 GeV/c2,
NMB = 55 ⇥ 106 is the number of corresponding MB events, corrected for trigger efficiency, a
and # are the acceptance and overall efficiency, and Dy = 4.0 is the rapidity bin width. We find
dN/dy(|y| < 2.0) = (33.8 ± 5.5 ± 4.4)⇥ 10�8, where the first uncertainty is statistical and the
second systematic. The analysis described above is repeated after subdividing the data into

4 2 Experimental methods
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Figure 1: (a) Single-muon transverse-momentum spectrum for |hµ| <2.1 in PbPb data (red-
filled circles). Signal (green-hatched histogram) and background (blue-dashed histogram) con-
tributions are fitted (black solid line) to the data. (b) Mean value of pT/ for charged tracks as a
function of centrality, before any event selection is applied on the muon-triggered data (black
squares) and after it (red-filled circles), together with predictions from the PYTHIA+HYDJET
samples (green triangles). (c) Transverse mass distribution for selected events in PbPb (red-
filled circles) and pp (blue open squares) data, compared to simulation (green-hatched his-
togram). The error bars represent statistical uncertainties. (See the text for more details).
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hadron 
RAA  

Jet quenching 
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Summary of LHC results from LHCP2015 

Jet studies 
■  How do the jets get modified? 

Oct 2, 2015 
Wine and Cheese Seminar, FNAL 30 

jet	
  

No change in “shape” for ΔR≤0.5 
Same K/π and p/π in Pb-Pb and pp 
→ no change in leading particle 
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Quenching of heavy flavors 
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Opens numerous new studies 

Quenching ~ 
independent of flavor 



Our resilient “adversary”: 
the Standard Model 

 
 

Where have all the  
New Physics signatures gone? 
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Solutions to the h-problem → signatures 
■  All solutions demand the presence of new particles 

◆  More Higgs bosons; SUSY partners; New W/Z bosons; new T, B 
◆  Once we speak of the “allowable”: even “Vector-Like Quarks” 

■  Searches for new physics: main path has been the 
search for these (higher-mass) states 
◆  In the beginning inclusively; as time goes by and searches 

come in empty-handed, ask “what/how” would have escaped? 
●  And then tune analyses and go after specific signatures 

■  Broadly speaking, five categories of searches: 
◆  Searches for new resonances 
◆  Non-resonant: searches for SUSY (exemplified by MET)  
◆  Extending SUSY-like signatures: Dark Matter searches 
◆  Deviations from the QCD+EWK predictions (compositeness) 
◆  Exotica (e.g. long-lived “stuff”) 

Oct 2, 2015 
Wine and Cheese Seminar, FNAL 33 



Searches for non-resonant NP 
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SUSY: the (19)90’s–(20)00’s view 
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SUSY SummarySUSY Summary
■ SUSY discovery (should be) easy and fast

◆ Expect very large yield of events in clean signatures (dilepton, 
diphoton).

● Establishing mass scale is also easy (Meff)

■ Squarks and gluinos can be discovered over very 
large range in SUGRA space (M0,M1/2)~(2,1)TeV
◆ Discovery of charginos/neutralinos depends on model
◆ Sleptons difficult if mass > 300 GeV
◆ Evaluation of new benchmarks (given LEP, cosmology etc) in 

progress

■ Measurements: mass differences from edges, squark 
and gluino masses from combinatorics

■ Can extract SYSY parameters with ~(1-10)% accuracy



P. Sphicas 
Summary of LHC results from LHCP2015 
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Summary!of!8!TeV!searches!

!  Dozens!of!searches!completed!at!8!TeV!!

!  Final!tail!sLll!in!preparaLon!

LHCP!2015!Z!K.!Ulmer! 19!

Mass scales [GeV]
0 200 400 600 800 1000 1200 1400 1600 1800

233
'λ  µ tbt→ 

R
t~

233
λt  ντµ → 

R
t~

123
λt  ντµ → 

R
t~

122
λt  νeµ → 

R
t~

112
''λ qqqq  → 

R
q~

233
'λ  µ qbt→ q~
231
'λ  µ qbt→ q~
233

λ  ν qll→ q~
123

λ  ν qll→ q~
122

λ  ν qll→ q~
112

''λ qqqq  → g~
323

''λ tbs  → g~
112

''λ qqq  → g~
113/223

''λ qqb  → g~
233
'λ  µ qbt→ g~
231
'λ  µ qbt→ g~
233

λ  ν qll→ g~
123

λ  ν qll→ g~
122

λ  ν qll→ g~

0
χ
∼ l → l~

 
0

χ
∼ 

0
χ
∼

ν τττ → ±χ∼ 
2

0
χ
∼

 
0

χ
∼ 

0
χ
∼

ν τ ll→ ±χ∼ 
2

0
χ
∼

0
χ
∼ 

0
χ
∼ H W → 

2

0
χ
∼ ±χ∼

0
χ
∼ 

0
χ
∼ H Z → 

2

0
χ
∼ 

2

0
χ
∼

0
χ
∼ 

0
χ
∼ W Z → 

2

0
χ
∼ ±χ∼

0
χ
∼ 

0
χ
∼ Z Z → 

2

0
χ
∼ 

2

0
χ
∼

0
χ
∼0

χ
∼

νν-l
+

 l→ 
-

χ
∼+

χ
∼

 
0

χ
∼ 

0
χ
∼

ν lll → ±χ∼ 
2

0
χ
∼

0
χ
∼ bZ → b~

0
χ
∼ tW → b~

0
χ
∼ b → b~

) H 
1

0
χ
∼  t → 

1
t~ (→ 

2
t~

) Z 
1

0
χ
∼  t → 

1
t~ (→ 

2
t~

 H G)→ 
0

χ
∼(

0
χ
∼ t b → t~

)
0

χ
∼ W→ 

+
χ
∼ b(→ t~

0
χ
∼ t → t~

0
χ
∼ q → q~

))
0

χ
∼ W→ 

±
χ
∼ t(→ b~ b(→ g~

)
0

χ
∼ W→

±
χ
∼ qq(→ g~

)
0

χ
∼ t→ t~ t(→ g~

0
χ
∼ tt → g~

0
χ
∼ bb → g~

0
χ
∼ qq → g~

 

SUS-13-006 L=19.5 /fb

SUS-13-008 SUS-13-013 L=19.5 /fb

SUS-13-011 L=19.5 /fb x = 0.25 x = 0.50
x = 0.75

SUS-14-002 L=19.5 /fb

SUS-13-006 L=19.5 /fb x = 0.05
x = 0.50

x = 0.95

SUS-13-006 L=19.5 /fb

SUS-12-027 L=9.2 /fb

SUS-13-007 SUS-13-013 L=19.4 19.5 /fb

SUS-12-027 L=9.2 /fb

SUS 13-019 L=19.5 /fb

SUS-14-002 L=19.5 /fb

SUS-12-027 L=9.2 /fb
SUS-13-003 L=19.5 9.2 /fb

SUS-13-006 L=19.5 /fb

SUS-12-027 L=9.2 /fb

EXO-12-049 L=19.5 /fb

SUS-14-011 L=19.5 /fb

SUS-12-027 L=9.2 /fb

SUS-13-008 L=19.5 /fb

SUS-12-027 L=9.2 /fb

EXO-12-049 L=19.5 /fb

SUS-12-027 L=9.2 /fb

SUS-12-027 L=9.2 /fb

SUS-13-024 SUS-13-004 L=19.5 /fb

SUS-13-003 L=19.5 /fb

SUS-12-027 L=9.2 /fb

SUS-13-019 L=19.5 /fb

SUS-13-018 L=19.4 /fb

SUS-13-014 L=19.5 /fb

SUS-14-011 SUS-13-019 L=19.3 19.5 /fb

SUS-13-008 SUS-13-013 L=19.5 /fb

SUS-13-024 SUS-13-004 L=19.5 /fb

SUS-13-013 L=19.5 /fb x = 0.20x = 0.50

SUS-12-027 L=9.2 /fb

SUS-13-003 L=19.5 9.2 /fb

SUS-12-027 L=9.2 /fb

SUS-13-008 SUS-13-013 L=19.5 /fb

SUS-12-027 L=9.2 /fb

SUS-14-002 L=19.5 /fb

SUS-12-027 L=9.2 /fb

SUS-13-013 L=19.5 /fb

SUS-13-006 L=19.5 /fb x = 0.05x = 0.50
x = 0.95

SUS-13-006 L=19.5 /fb

RP
V

gl
ui

no
 p

ro
du

ct
io

n
sq

ua
rk

st
op

sb
ot

to
m

EW
K 

ga
ug

in
os

sle
pt

on

Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

ICHEP 2014

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit
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Figure 3. Graphical illustration of the hard single-lepton 3-jet (top left), 5-jet (top right) and 6-jet
(bottom) signal regions (SR) used in this paper, shown in the plane of transverse mass mT (see
equation (6.2)) versus missing transverse momentum Emiss

T . The control regions (CR) and validation
regions (VR) described in sections 7 and 9, respectively, are also shown.
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Figure 4. Graphical illustration of the hard dilepton signal regions (SR) used in this paper. The
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frame mass M ′

R versus razor variable R (see equations (6.2) and (6.6)). The control regions (CR)
and validation regions (VR) described in sections 7 and 9, respectively, are also shown.
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Figure 18. 95% CL exclusion limit from the hard single-lepton channel in the (mg̃,mt̃(χ̃0
1)
) plane for

the simplified model with gluino-mediated top squark production, where the top squark is assumed
to decay exclusively via t̃ → cχ̃0

1 (top) or where the gluinos are assumed to decay exclusively through
a virtual top squark, g̃ → tt̄χ̃

0
1 (bottom) . The dark blue dashed line shows the expected limits at

95% CL, with the light (yellow) bands indicating the ±1σ variation on the median expected limit
due to the experimental and background-only theory uncertainties. The observed nominal limit is
shown by a solid dark red line, with the dark red dotted lines indicating the ±1σ variation on this
limit due to the theoretical scale and PDF uncertainties on the signal cross section.
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Figure 8. Distribution of the missing transverse momentum Emiss
T in the 3-jet (top) and 5-jet

(bottom) tt̄ (left) and W+jets (right) control regions used in the hard single-lepton channel. The
upper Emiss

T cut, indicated by the arrow, is not applied in these distributions. The purity in
the background of interest is 66% (72%) for the 3-jet tt̄ (W ) control region and 81% (45%) for
the 5-jet tt̄ (W ) control region; the 5-jet W control region is cross-contaminated by tt̄ events at
the level of 40%. The “Data/SM” plots show the ratio of data to the summed Standard Model
expectation, which is derived from the fit described in section 9. The uncertainty band on the
Standard Model expectation shown here combines the statistical uncertainty on the simulated
event samples with the relevant systematic uncertainties (see text). The last bin includes the
overflow. The “Top Quarks” label includes all top-quark-related backgrounds, while “V+jets”
includes W+jets, Z+jets and other Drell-Yan backgrounds such as Z → τ+τ− and γ∗/Z outside
the Z pole region. For illustration, the expected signal distributions are shown for gluino pair
production with mg̃ = 1025GeV,mχ̃±

1
= 545GeV and mχ̃0

1
= 65GeV.
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SUSY: impact of the Higgs 
■  Squeezed (severely) by mH & lack of signs in searches 

Oct 2, 2015 
Wine and Cheese Seminar, FNAL 37 

Direct searches125 GeV Higgs

Then there’s also the Higgs mass...
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D. Shih 
Simple test-point:

MS = 10 TeV, 
Xt = 0, tanß = 20

Draper et al :         Mh = 123.2  GeV

Bagnaschi et al :   Mh = 123.6  GeV 

SusyHD:               Mh = 123.6  GeV
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Bagnaschi et al., 1407.4081

Hahn et al. (FeynHiggs), 1312.4937;  Draper et al., 1312.5743;  
Bagnaschi et al.,  1407.4081; PardoVega+Villadoro (SusyHD) 1504.05200 Recent incarnations of the decades-old EFT approach:

FeynHiggs:            Mh = 126.5  GeV 

125 GeV in the MSSM requires either 
10 TeV stops (0.01-0.1% tuning)...

mh=125 GeV is independently pushing up the SUSY-scale in the MSSM.  

Famous bound (mh)tree<mZ. Need loop corrections from stops to raise it to 125 GeV.

Optimist’s view: high At. 
Theorist’s view: not-so-easy 
to generate (large At) 
Experimentalist’s view: 
clearly, an SEP* 
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Summary of LHC results from LHCP2015 

SUSY: from the CMSSM to the SMS 
■  Experimentally: the CMSSM     

 was very, very convenient. 
◆  It also turned out to be wrong 
◆  And everyone cried out that this     

 does not mean SUSY is not there 
◆  And thus, the SMS were born 
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3

Introduction

Simplified Models Specific SUSY Models (CMSSM)

No significant signals found  → have presented SUSY limits in:

What is the impact of the full set of ATLAS 
searches on a broader set of SUSY models?
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Summary of LHC results from LHCP2015 

Naturalness→3rd-gen, EWKinos, et al 

(b) Perhaps we overdid it (SMS) 
◆  e.g. what if χ± in between the stop 

and the χ0? 
■  Use something between the 

vcCMSSM and the oSMS 
◆  Enter the pMMSM; very nice analysis 

(300 kmodels; 30 Gevt); e.g. 
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(a) Difficult 
Regions; 
impressive 
ingenuity in 
going after 
them (tech 
transfer → DM) 

Recent idea: use recoil off hard ISR jet.  

In all-hadronic channel, MET will be back-to-
back with ISR jet. Not true of dominant 
backgrounds (QCD, ttbar)!

(Hagiwara & Yamada ’13; An & Wang ’15; Macaluso, 
Park, DS & Tweedie ’15)
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FIG. 3: Existing Run 1 limits from ATLAS and CMS, and projected 300 fb�1 discovery and

exclusion sensitivities for our 6HT analysis. The truth- 6ET analysis (not shown) yields very similar

exclusion contours, but somewhat stronger discovery contours at lower masses. Note that our

simulation grid does not extend all the way down to the W compression line mt̃ ' m�̃ +mb +mW

nor below, where the decay kinematics transitions to four-body. (We also do not indicate existing

exclusions in that region. For the stealth exclusions, see Fig. 6.)

as S/
p
B = 5. Fig. 3 shows our final exclusion and discovery contours for 300 fb�1, indicat-

ing a near complete closure of the current compression line gap. Fig. 4 shows the luminosity

required to achieve exclusion-level sensitivity along the compression line. While our simu-

lations are done under Run 2 & 3 conditions, we have also naively extrapolated as far as

the HL-LHC luminosity of 3 ab�1. We include as well in Fig. 5 a scan of the signal and

background rates at 300 fb�1 along the top compression line. This indicates S/B ⇠ 1 over

most of the range that we study, suggesting good resilience to systematic errors, which we

have not attempted to estimate. Finally, in Fig. 6 we provide a closer view of the exclusion

sensitivity near the stealth point, via a series of scans over mt̃ at fixed neutralino masses.

III. DISCUSSION AND OUTLOOK

Fig. 3 suggests that our proposed search strategy can access stops along the top com-

pression line beyond 400 GeV at discovery-level significance, and perhaps up to 550 GeV at

8
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FIG. 4: Luminosity required for exclusion sensitivity along the top compression line for both our

truth-6ET (dashed) and 6HT (solid) analyses, assuming 13 TeV and Run 2 & 3 pileup and detector

conditions. (Projections beyond 300 fb�1 are naive extrapolations, not using HL-LHC conditions.)
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FIG. 5: Signal (red) and background (purple) counts along the top compression line for 300 fb�1,

for both our truth- 6ET (dashed) and 6HT (solid) analyses.

exclusion-level significance, over the current phase of LHC running. These numbers already

start to approach what was done for non-compressed stops at Run 1. However, unlike those

searches, for us the sensitivity is maximized on the top compression line. This complemen-

tarity is made possible by focusing on the unique kinematic configurations that start to open

up at Run 2. It is rather remarkable that the sensitivity gap at the top compression line,

which has become a modern benchmark of di�culty in new physics searches, can be shrunk

9

Can access compressed region with high 
S/B at Run II!
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FIG. 1: Kinematic distributions of stacked backgrounds and some example signal points for the

6HT -based analysis, with cumulative cuts. The baseline cuts include the lepton veto, jet counting,

ISR-jet pT cut, and a cut 6HT /
p
HT > 3 GeV1/2 used to define the simulation samples.

than
p
m2

t �m2
W ' 153 GeV at leading-order with narrow W . These inequalities continue

to hold even when the top is below its mass-shell, as the kinematic boundary only becomes

lower. The leading two b-jets in the event are taken to be the b-quark candidates. A list

of remaining jets in the event is formed which satisfy m(b+ j) > 200 GeV for both b-quark

candidates. The highest-pT jet from this list is then the ISR candidate. Only events with

pT (ISR-jet)> 550 GeV are kept in our analysis.

Individual top quarks are reconstructed using a procedure borrowed from [5]. Excluding

the two leading b-jets and the ISR-jet candidate, the two closest jets in the ⌘-� plane are

added to form a “W boson.” This in turn is added to the closest b-jet to form a “top

6
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Soi!leptons!with!ISR!
!  Compressed!stop!decays!also!present!unique!challenges!

!  Soi!decay!products!with!m(stop)!~!m(LSP)!
!  ConvenLonal!high!pT!stop!searches!won’t!work!

!  Select!events!with!1!or!2!low!pT!leptons!(5Z25!GeV)!
!  Boost!SUSY!system!to!give!visible!MET!with!recoil!against!

an!ISR!jet!a!la!“monojet”!searches!

!
LHCP!2015!Z!K.!Ulmer! 15!

See!also:!Marc!Dunser!9/3!

CMSZSUSZ14Z021!



The Dark Sector 



P. Sphicas 
Summary of LHC results from LHCP2015 

Mono-X signatures 

Oct 2, 2015 
Wine and Cheese Seminar, FNAL 41 4

X + Missing Transverse Energy
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Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z ! ⌫⌫)+ j and (W ! `inv⌫)+ j final states. In the latter case the charged lepton ` is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |⌘(j
1

)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |⌘(j

2

)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |⌘(j
1

)| < 2, and events
are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV or
��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |⌘(j
1

)| < 2, and
events are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV
or ��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |⌘(e)| < 2.47
and pT (e) > 20 GeV and for muons as |⌘(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|⌘(j

1

)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is ��(j

1

, j
2

) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.
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Comparison to DD: σχ-N

Translate collider limits to bounds on σχ-N 

‣ Lower limit on M* translated to limits on σχ-N 

• e.g. Phys.Rev.D82:116010,2010 

‣ Collider searches more sensitive at low MΧ 

• And up to medium MΧ for spin-dependent interactions 

‣ Complementarity to direct searches 
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Mono-Jet
Hard jet from initial state radiation (ISR)  
recoiling against DM 
‣ Most sensitive channel 

• 1 central, high pT jet and lepton veto 

- A 2nd jet allowed if Δφ( j1, j2)<2.5 [CMS] 

- Other jets allowed but Δφ( j1, ET
miss )>1.0 [ATLAS] 

• High energy imbalance in transverse plane 

‣ Key variable: Missing transverse energy (ETmiss) 

• Definition of inclusive SRs with increasing            
ET

miss threshold  

‣ Dominant backgrounds 

• Z(→νν) + Jets and  W(→(lmiss)ν) + Jets 

• Data-driven techniques employed 
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Mono-V leptonic
W(→νl) + DM 

‣ 1 isolated, high pT lepton and high ETmiss 

‣ Final discriminating variable 

• Transverse mass, MT

12
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q
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T E
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CMS, PRD 91, 092005 (2015) - ATLAS, JHEP 09 (2014) 037 
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Z(→ll) + DM 

‣ 2 opposite-charge same-flavour leptons 

‣ mll consistent with mZ 

‣ Look for an excess in ETmiss  / M T spectrum 
[ATLAS /CMS] 

‣ ZZ process fakes signal
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From EFT to a Simplified Model 
■  (In)validity of EFT → need swift, joint action by Theory 

and Experiment: 
◆  Add two parameters and mediator 

◆  Make DM Forum (DM beware) 
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Models

I E↵ective Field Theories

q
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q
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⇤ = MVp
gqg�

perturbative if gqg� < 4⇡

I Parameters: cut-o↵ scale ⇤, DM mass M�

I Operators: vector, axial-vector
! spin-independent/spin-dependent interactions

I Validity: MV > invariant mass of DM pair
! simplified models (monojet and monophoton)
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Perspectives for LHC Run 2 

!  Running conditions : 13 TeV, 25 ns, <PU> = 40  ⟹ expect rate x4 

  ⟹ optimise X+MET triggers to cope with such conditions 

!  Refine background estimations and reduce associated uncertainties 

!  Physics models : EFT validity is an important limitation 
   ⟹ switch to simplified models with extra search parameters 

20 

Ref arXiv:1404.1344 
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LHC DM forum
‣ ATLAS, CMS and theorist community agreed upon a set of minimal benchmark 

simplified models to consider for early Run-2 DM searches

21
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Simplified Models: V/jet + ET
miss

V + ETmiss and j + ETmiss searches combined [CMS] 

‣ Orthogonal categories 

‣ Results interpreted in terms of simplified models 

• Following prescriptions of LHC DM forum 

- High coverage of phase space 

- mΧ vs Mmed scan

22
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SUSY people 
in… 
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Higgs boson as SM-DM mediator in Higgs Portal models 

‣ Constraints from bounds on invisible Higgs decay 

‣ Combination of VBF and VH  

• BR(H →inv) < 47% (35% exp) @ 95% CL [CMS] 

‣ More details in Andrew White’s talk [Higgs-3] 

Dark Matter can be produced @ LHC also in cascade decays of higher-mass particles  

‣ SUSY models covering this phenomenology 

‣ More on DM SUSY searches in Keith Ulmer’s talk  [BSM-2 Plenary]

From Higgs and SUSY

24

VH VBF

CMS EPJC 74 (2014) 2980/ CMS-HIG-14-038/CMS-
EXO-12-055/ ATLAS PRL 112, 041802 (2014)/ 

ATLAS EPJ.C (2015) 75:299
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■  IFF Higgs is the mediator…  
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Figure 4: DM coupled to the Higgs. Regions of DM mass M
DM

and Higgs couplings (�
DM

, y
DM

,

yP
DM

): the orange region is excluded at 90% CL by ATLAS mono-jet searches at LHC8, with forecast

for LHC14 (dashed blue line); the grey region is excluded at 90% CL by LUX 2013 direct searches;

the blue region is excluded by the Higgs invisible width constraint �h,inv/�h < 20%. The green solid

curve corresponds to a thermal relic abundance via Higgs-coupling annihilation equal to the observed

DM density (the thick curve is the o↵-shell estimation; the thin curve is the on-shell computation).

• The y
DM

coupling of fermion DM also generates ON
1

with

cn
1

⇡ cp
1

= �1.8y
DM

mNM
DM

M2

h

. (3.11)

• The pseudo-scalar coupling yP
DM

only produces the operator ON
11

= i~S
DM

· ~q, which is spin-

dependent and suppressed by the transferred momentum ~q:

cn
10

⇡ cp
10

⇡ 0.26
yP
DM

mN

M2

h

. (3.12)

As a consequence, there are no limits on perturbative values of yP
DM

.

Thermal abundance

The relic abundance is computed using the interaction in eq. (3.9), which contributes to DM an-

nihilation through s-channel Higgs exchange and through processes with two Higgs or longitudinal

gauge bosons in the final state. We include these annihilation channels in our computation. In the

case of fermionic DM, the approximation of keeping only the dimension-5 operator in eq. (3.9) is

justified as long as y
DM

⌧ 0.5 (500GeV/M
DM

).

Results

In fig. 4 we compare the LHC sensitivity with current bounds, in the plane (DM mass, DM coupling

to h), finding the following results.

14

  

Dark Matter                                                
                                     

11/15                                                                                                                                                              S.Gori

We know only a little about the nature of Dark Matter (DM)

 DM can thermalize thanks to its interactions with the Higgs

DM

DM

Higgs

If DM is light, limits from 

searches for a Higgs 

decaying invisibly:

and also bounds from Higgs coupling fits

De Simone, Giudice, Strumia,1402.6287 

VBF: 0.57 (0.40) CMS-PAS-HIG-14-038

Zh,Zll: 0.75 (0.62) ATLAS, 1402.3244

ZWh,Zjj: 0.78 (0.86) CMS, 1504.04324

Then DM cannot be 
too light 
Moreover, future 
searches (direct) 
will remove the MH/
2 strip 



P. Sphicas 
Summary of LHC results from LHCP2015 

The dark sector can have fun 
■  e.g. Dark Gauge Group: SU(4)LxSU(4)RxU(1)X (NTBTS) 
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Visible Sector

SUc(3)⇥ SUL(2)⇥ UY (1)

Dark SectorPortal
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New Gauge Symmetries

Multiparticle Spectrum

Hidden Dark Sector

For instance: Hidden Valley Models, Higgs Portal Models
e.g., Strassler and Zurek  [hep-ph/0604261, hep-ph/0605193];

 Strassler [hep-ph/0607160]; Patt and Wilczek [hep-ph/0605188]; …

Semi-Visible Jets
Typical LHC searches require             �� & 0.4

Acceptance after �� & 0.4 & MET > 500 GeV :
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“Semi-Visible jets”, 
aka 
“revenge of the 
theorists” 
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The revenge of 
SUSY J: defines 
all particles, spins 
& couplings… 

New Observables

Cohen, ML, Lou [1503.00009]  

Non-minimal dark sectors may result in complicated final states with
many particles, displaced vertices, unusual tracks, …

Some of these final states may require fundamentally different
search strategies at the LHC

Example: Semi-Visible Jets

Z 0

q

q̄
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q
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q̄

q̄

q̄q̄

�̄1

�1 Jets that contain both visible hadronic 
states, interspersed with stable neutral particles



Searches for resonant NP 
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Top Tagging

Tilman Plehn

Fat jets

Analyses

N-Subjettiness

HEPTopTagger

Shower Deco

Resonances

Analysis: Z 0 ! t t̄

LHC target mZ 0 & 1.5 TeV

– purely leptonic decays rate limited
– semi-leptonic approximate reconstruction of neutrino 4-vector:

massless neutrino
2D missing energy vector
top or W mass constraints

– purely hadronic decays deemed not useful

Many taggers [Hopkins/CMS tagger, HEPTopTagger, template tagger, shower deconstruction]

– top jets new concept at LHC
– hadronic top identification and reconstruction
– jet separation challenging for heavy Z 0

– combination of calo and tracker great

Validation and systematics

– tagging easier for higher boost, pT ,t > 600 GeV
– Standard Model events at lower pT ,t < 400 GeV

) pT range main challenge
1
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Jet substructure (I) 
■  At high boost, decay 

products collimated;  

Jul 1-2, 2015 
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Roman Kogler Searches with boosted signatures in CMS

Boosted Physics Searches
‣ Principle of resonance searches

‣ Heavy resonances (M ~ 2 TeV):

• decay products with pT ~ 1 TeV

• large γ factor (>5-10)

• boosted (collimated) final state topology

• min. distance between final state products:
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compared to algorithmic methods for studying substructure. Finally, N -subjettiness gives

favorable efficiency/rejection curves compared to other jet substructure methods. While a

detailed comparison to other methods is beyond the scope of this work, we are encouraged

by these preliminary results.

The remainder of this paper is organized as follows. In section 2, we define N -

subjettiness and discuss some of its properties. We present tagging efficiency studies in

section 3, where we use N -subjettiness to identify individual hadronic W bosons and top

quarks, and compare our method against the YSplitter technique [2–4] and the Johns Hop-

kins Top Tagger [6]. We then apply N -subjettiness in section 4 to reconstruct hypothetical

heavy resonances decaying to pairs of boosted objects. Our conclusions follow in section 5,

and further information appears in the appendices.

2 Boosted objects and N -subjettiness

Boosted hadronic objects have a fundamentally different energy pattern than QCD jets of

comparable invariant mass. For concreteness, we will consider the case of a boosted W

boson as shown in figure 1, though a similar discussion holds for boosted top quarks or

new physics objects. Since the W decays to two quarks, a single jet containing a boosted

W boson should be composed of two distinct — but not necessarily easily resolved — hard

subjets with a combined invariant mass of around 80 GeV. A boosted QCD jet with an

invariant mass of 80 GeV usually originates from a single hard parton and acquires mass

through large angle soft splittings. We want to exploit this difference in expected energy

flow to differentiate between these two types of jets by “counting” the number of hard lobes

of energy within a jet.

2.1 Introducing N-subjettiness

We start by defining an inclusive jet shape called “N -subjettiness” and denoted by τN .

First, one reconstructs a candidate W jet using some jet algorithm. Then, one identifies

N candidate subjets using a procedure to be specified in section 2.2. With these candidate

subjets in hand, τN is calculated via

τN =
1

d0

∑

k

pT,k min {∆R1,k,∆R2,k, · · · ,∆RN,k} . (2.1)

Here, k runs over the constituent particles in a given jet, pT,k are their transverse momenta,

and ∆RJ,k =
√

(∆η)2 + (∆φ)2 is the distance in the rapidity-azimuth plane between a

candidate subjet J and a constituent particle k. The normalization factor d0 is taken as

d0 =
∑

k

pT,kR0, (2.2)

where R0 is the characteristic jet radius used in the original jet clustering algorithm.

It is straightforward to see that τN quantifies how N -subjetty a particular jet is, or

in other words, to what degree it can be regarded as a jet composed of N subjets. Jets

with τN ≈ 0 have all their radiation aligned with the candidate subjet directions and
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Figure 2. Distributions of (a) τ1 and (b) τ2 for boosted W and QCD jets. For these plots, we
impose an invariant mass window of 65 GeV < mjet < 95 GeV on jets of R = 0.6, pT > 300GeV,
and |η| < 1.3. By themselves, the τN do not offer that much discriminating power for boosted
objects beyond the invariant mass cut.
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Figure 3. (a): Distribution of τ2/τ1 for boosted W and QCD jets. The selection criteria are the
same as in figure 2. One sees that the τ2/τ1 ratio gives considerable separation between W jets
and QCD jets beyond the invariant mass cut. (b): Density plot in the τ1–τ2 plane. Marker sizes
are proportional to the number of jets in a given bin. In principle, a multivariate cut in the τ1–τ2

plane would give further distinguishing power.

values of τ2 as well, so it is in fact the ratio τ2/τ1 which is the preferred discriminating

variable. As seen in figure 3(a), W jets have smaller τ2/τ1 values than QCD jets. Of

course, one can also use the full set of τN values in a multivariate analysis, as suggested by

figure 3(b), and we will briefly explore this possibility in section 3.4.

As mentioned in the introduction, N -subjettiness is adapted from the similar quantity

N -jettiness introduced in ref. [28]. There are three important differences: the sum over

k only runs over the hadrons in a particular jet and not over the entire event, we do not

have candidate (sub)jets corresponding to the beam directions, and our distance measure

is only longitudinally boost invariant and not fully Lorentz invariant. The definition of τN

is by no means unique, and some variations are discussed in appendix A, though eq. (2.1)

appears to be well-suited for boosted object identification.

– 5 –

 τ2/τ1



P. Sphicas 
Summary of LHC results from LHCP2015 

Resonances decaying to VV, with V→jets? 
■  Major new tool: jet 

substructure 

Oct 2, 2015 
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WZ WW 

To the innocent slide reader: large overlap in events… 

3.4σ 2.6σ 

Wʹ′→WZ GB→WW 
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Turning fast to leptonic modes… 

Oct 2, 2015 
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ℓν+J  

ℓℓ+J  
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Phys. Coord. Report - Physics week  - 22/06/2015

 [GeV]GM
1000 1500 2000 2500 3000

) [
pb

]
bu

lk
 G

→
 (p

p 
95

%
σ

-210

-110

1

CMS (unpublished)  = 8 TeVs at  -1L = 19.7 fb 

600

 obs. (solid) / exp. (dashed)
S

Frequentist CL

+V-jetµµ ee/→ ZZ → bulkG

 V-jet+V-jet→ WW/ZZ → bulkG

+V-jetνµ/ν e→ WW → bulkG

Combination

34

BRs and efficiencies of 
narrow bulk graviton 
model. 

Hot spots - 5 - Dibosons resonances
(Non exhaustive!) List of effect to keep under strict surveillance

Excess around 1.8 TeV,  (1.5σ in VV, ~2.0σ in VH)
Enhanced in exclusive decay modes.

http://dx.doi.org/10.1007/JHEP08(2014)174

Combination: EXO-13-009
(includes EXO-12-024) EXO-14-010

http://dx.doi.org/10.1007/JHEP08(2014)173

EXO-12-024

How will it rear its head? 
■  Whatever NP is out there, it may well start showing up 

as a number of excesses in several channels (and not 
as a single 5σ signal). 

Oct 2, 2015 
Wine and Cheese Seminar, FNAL 50 

Disclaimer: this 
transp for 
illustration only; 
NOT a claim of NP. And there will be inconsistencies… 

LEE in theory/model space? 

VH  
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Wʹ′, Zʹ′: Early look at 13 TeV 

Oct 2, 2015 
Wine and Cheese Seminar, FNAL 51 27

Preparations for Higher Luminosity

SUSY l+jets control region di-photon spectrum

di-lepton spectrum lepton+MET mass (W’)
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/Summer2015-13TeV

Preparation for higher luminosity27

Preparations for Higher Luminosity

SUSY l+jets control region di-photon spectrum

di-lepton spectrum lepton+MET mass (W’)
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/Summer2015-13TeV

Preparation for higher luminosity
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Di-muon resonance search 
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2  isolated muons muons are required to satisfy:

 pT > 48 GeV and |η| <2.4

MC samples: aMC@NLO for Drell-Yan, POWHEG for ttbar and dibosons

     

             

Highest mass event = 920 GeV 

Early alignment of Muon system 
and Tracker used in data  

contribution from di-jets 
negligible and not shown 
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last bin includes overflow

Di-electron resonance search 

29August 31    2015                                         Paolo SPAGNOLO - INFN Pisa                                                     LHCP 2015                                                                                                             

2 electrons in ECAL with ET > 35 GeV and at least one electron in the ECAL barrel 

(|η| < 1.4442 or 1.566 < |η| <2.5 with one electron within |η| < 1.4442 )

Highest mass event ~ 1 TeV

Run1 Limit for SSM Z’  < 3 TeV

Run1 sensitivity will be reached

after about 2 fb-1  

Dielectron Invariant Mass Spectrum

Figure: The observed dielectron invariant mass spectrum together with the SM 
expectation from Monte Carlo generated events. Final corrections have not 
been applied to either the data or the simulation.  The Monte Carlo 
expectation is normalised to the data in the region of 60 < m(ee) < 120 GeV. 
No events are observed above an invariant mass of 1 TeV.  The last bin includes 
the overflow.

Electron selection: 
• Good-quality isolated 

electrons with ET > 35 
GeV and |η| < 1.4442 
or 1.566 < |η| < 2.5.

• One electron must 
have |η| < 1.4442.

Event selection: a pair of 
electrons (no opposite-
sign requirement)

Dielectron Invariant Mass Spectrum: 
cumulative distribution

Figure: The cumulative distribution, where all events above the specified mass 
on the x axis are summed, of the invariant mass spectrum shown on the 
previous slide.

Electron selection: 
• Good-quality isolated 

electrons with ET > 35 
GeV and |η| < 1.4442 
or 1.566 < |η| < 2.5.

• One electron must 
have |η| < 1.4442.

Event selection: a pair of 
electrons (no opposite-
sign requirement)

Cumulative Plot

last bin includes overflowAnd just as people were packing to come to St. Petersburg… 
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An ee event with mass 2.9 TeV… 
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Very clean electrons; event is 
spectacular in every possible way 
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Collins-Soper angle  cos θcs  is negative  while DY bkg is peaked toward positive cos θcs

The rapidity of the di-electron is quite positive

Previous highest mass event from Run1: 1.8 TeV (1.9 TeV for muons)

Run1 limits for Z’ Search do not exclude one event at this mass with this luminosity 

Background is very low but not negligible ~ 0.02 events  for M>2.5

background uncertainty studies are underway (theory uncertainties expected to dominate)

Waiting for new data  

Di-electron resonance search 
Event Kinematic Details 

electron 0  electron 1 

ET   1260 GeV 1280 GeV 

η -0.24 -1.31 

φ -2.74 rad 0.42 rad 

charge -1 +1 

mass 2.91 TeV 

cos θ*
CS -0.49 

y 0.78 

• for cos θ*
cs, it is assumed that quark direction is 

along the boost of the di-electron system 

• SM Drell-Yan events favour positive values of cos θcs  

4 
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Previous highest mass event from Run1: 1.8 TeV (1.9 TeV for muons)

Run1 limits for Z’ Search do not exclude one event at this mass with this luminosity 

Background is very low but not negligible ~ 0.02 events  for M>2.5

background uncertainty studies are underway (theory uncertainties expected to dominate)

Waiting for new data  

VERY PRELIMINARY

Poisson probability to observe 1 event or higher

Di-electron resonance search 

SM Background Expectations 

mass range SM Bkg Expection 1-e-bkg  

>1 TeV 0.21 0.19 

> 2 TeV 0.0067 0.0067 

> 2.5 TeV 0.0017 0.0017 

• the values of this table have been obtained from the mass spectrum distribution 
in [reference EXO-DP] and scaled to the luminosity of the full 50ns dataset (65pb-1) 

– to ensure a smooth distribution, the mass spectrum was fitted with the bkg function 
used by the RunI analysis (10.1007/JHEP04(2015)025)  

• the mass spectrum is obtained directly from Monte Carlo simulated events 

– the Monte Carlo generators used are listed in the next slide  

• the theoretical uncertainties on the background estimate are expected to be the 
dominate uncertainties on background estimate  

• as a convenience to the reader, 1-e-μ  where μ is the background estimate is also 
shown. This is the Poisson probability to observe ≥1 events 

–  this should not be mistaken for a global significance  

electrons are required to satisfy: 
ET > 35 GeV 
|η| < 1.4442 or 1.566 < |η| <2.5 
pass high energy ele selection 
 
in addition one electron must have 
|η| < 1.4442  

9 

VERY preliminary 
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Jet Resonances (?) 
■  Dijets and di-

electron 
events… 

■  Looks like 
2015 will be 
the year of 
event 
counting… 

Oct 2, 2015 
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M=5.4 TeV 13 TeV dijet mass specturm 

●  80 pb-1 of data at √s = 13 
TeV (includes August 50 ns 
data). 

●  Does not include Toroid-off 
data. 

●  Trigger pT > 360 GeV. 

●  Require 2 jets: 
■  pT > 410 GeV leading, 
■  pT > 50 GeV subleading. 

●  Require mjj > 1.1 TeV. 

●  Remove log factor from fit 
function. 

1 September 2015 Doug Gingrich (LHCP2015) 12/20 
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And now what?  
 

Great Expectations 
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Run II has started; Run II is on 
■  We’ll soon be crossing the “few fb–1 at 13 TeV” mark 

Oct 2, 2015 
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Peak lumi 
E34 cm-2s-1 

Days proton 
physics 

Approx. int 
lumi [fb-1] 

2015 ~0.5 65 3 
2016 1.2 160 30 
2017 1.5 160 36 
2018 1.5 160 36 

2 TeV 3 TeV 

Cross-over at  
≈ 1.8-2.0 TeV  
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What we have learned from the LHC: 
summary (so far) 

■  Standard Model: a VEFT [Very Effective Field Theory] 
◆  Our understanding of the strong and electroweak interactions has 

improved dramatically.   
●  Amazing NLO and NNLO calculations that describe the data! 

◆  Heavy ions: new understanding of “surroundings” 
■  A fundamental scalar that couples to mass.  At 125! ??? 

◆  Huge literature (and litterature) on the 125. 
◆  A very large set of questions now on the frontline. 

■  Amazingly, no new physics has been discovered (yet) 
◆  Supersymmetry is ever elusive; Exotica are, for now, just that; 

Nothing new in the flavor sector either. 
■  “Only” one new boson, yet so many new questions:   

◆  Is it the very Higgs of the SM? Elementary or Composite? First 
scalar of many? Is it “natural”? Does it couple to Dark Matter? 
Connection to matter-antimatter asymmetry? … 

■  The good news: we will get answers to some of these 
questions soon (LHC Run II and beyond) 

Oct 2, 2015 
Wine and Cheese Seminar, FNAL 56 




